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ORIGINAL ARTICLE 



Negative-pressure wound therapy induces endothelial 
progenitor cell mobilization in diabetic patients 
with foot infection or skin defects 

Sang Gyo Seo, Ji Hyun Yeo, JI Hye Kim, Ji-Beom Kim, Tae-Joon Cho and Dong Yeon Lee 

Non healing chronic wounds are difficult to treat in patients with diabetes and can result in severe medical problems for these 
patients and for society. Negative-pressure wound therapy (NPWT) has been adopted to treat intractable chronic wounds and 
has been reported to be effective. However, the mechanisms underlying the effects of this treatment have not been elucidated. 
To assess the vasculogenic effect of NPWT, we evaluated the systemic mobilization of endothelial progenitor cells (EPCs) during 
NPWT. Twenty-two of 29 consecutive patients who presented at the clinic of Seoul National Universty Hospital between 
December 2009 and November 2010 who underwent NPWT for diabetic foot infections or skin ulcers were included in this 
study. Peripheral blood samples were taken before NPWT (pre-NPWT) and 7-14 days after the initiation of NPWT (during- 
NPWT). Fluorescence-activated cell sorting (FACS) analysis showed that the number of cells in EPC-enriched fractions 
increased after NPWT, and the numbers of EPC colony forming units (CFUs) significantly increased during NPWT. We believe 
that NPWT is useful for treating patients with diabetic foot infections and skin ulcers, especially when these conditions are 
accompanied by peripheral arterial insufficiency. The systemic mobilization of EPCs during NPWT may be a mechanism for 
healing intractable wounds in diabetic patients with foot infections or skin defects via the formation of increased granulation 
tissue with numerous small blood vessels. 

Experimental & Molecular Medicine (2013) 45, e62 ; doi:10.1038/emm. 2013. 129; published online 15 November 2013 
Keywords: diabetic foot; endothelial progenitor cell; negative-pressure wound therapy 



INTRODUCTION 

Non-healing chronic diabetic wounds are difficult to treat. 
They are associated with high economic burden and increased 
length and frequency of hospitalization. Furthermore, diabetes 
is a significant risk factor for foot amputation. 1 Adequate 
surgical debridement, effective antibiotic therapy, correction 
of metabolic abnormalities and proper wound manage- 
ment are essential for healing the chronic wounds of diabetic 
patients. 2,3 Despite painstaking management, chronic wounds 
in the feet of diabetic patients frequently fail to heal 
completely. Therefore, many trials using bioengineered tissue 
or skin substitutes, growth factors, electronic stimulation or 
advanced moist wound therapy have been performed. 4 
Negative- pressure wound therapy (NPWT) is an adjuvant 
therapy that uses negative pressure to evacuate infected fluid 
from open wounds through a sealed dressing and a tube that is 
connected to suction. 5,6 NPWT has been adopted to treat 
many acute and chronic wounds, and several randomized 



controlled studies have shown efficacy in treating diabetic foot 
infections and pressure ulcers and in aiding skin grafts. 6,7 

The following mechanisms of NPWT have been suggested 
to enhance wound healing: (1) the removal of excessive 
extracellular fluid and tissue edema, which leads to increased 
blood flow; 8,9 (2) stabilization of the wound environment; 

(3) macrodeformation, that is, foam shrinkage that induces the 
contraction of the wound and facilitates wound closure; 10 and 

(4) microdeformation at the foam-wound interface, which 
induces cellular proliferation and angiogenesis. 6,11 However, 
we focused on the effect of increased blood flow during 
NPWT. 

The suggestion that postnatal neovascularization is medi- 
ated by putative endothelial progenitors was first made in 
1997, 12 and subsequent studies have led to a new field of 
cardiovascular science, which, in turn, has provided new 
insights into other fields of medicine. 'Endothelial progenitor 
cells (EPCs)' are now considered to be mobilized from the 
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bone marrow during acute ischemia and to contribute to the 
neovascularization of ischemic tissues, 13,14 and circulating EPC 
number is now used as a marker for endothelial dysfunction 
or repair in various diseases. 13,15 ' 16 Researchers working on 
the musculoskeletal system have also become interested in the 
roles of EPCs during healing of diabetic foot ulcers, and bone 
marrow- derived EPCs have been proposed to participate in 
angiogenesis. 17-20 

The purpose of the present study was to determine the level 
of circulating EPCs in diabetic patients with chronic wounds 
and to assess the effect of NPWT on the number of circulating 
EPCs and wound healing. 

MATERIALS AND METHODS 

Study population and surgical procedures 

This study was approved by our Institutional Review Board, and 
informed consent was obtained from patients and/ or their parents or 
guardians. Twenty- two of the 29 consecutive patients (2009.12- 
2010.11) who underwent NPWT for diabetic foot infections or skin 
ulcers were included in this study. Seven patients were excluded 
because of the following reasons: unstable comorbidities, refusal to 
participate or missing samples. The control group was composed of 
16 patients who did not have diabetes but who had undergone an 
orthopedic operation for a non-traumatic disease. Some data for the 
control group were also included from previous publications. 21 The 
average age of the patients in the study group was 66.7 years (range 
28-83 years), whereas that of patients in the control group was 17.1 
years (range 12-52 years). 

A common aspect of the procedure was that NWPT was performed 
on the foot or skin ulcer of a diabetic patient after debridement or 
partial foot amputation; however, the details of the adopted surgical 
procedures differed between patients. Medical- grade polyurethane 
foam (CuraVAC, Daewoong Pharma, Seoul, Korea) was applied, with 
adhesive drapes for sealing and connector tubing that were connected 
to a wall-mounted suction device (Figure 1). A negative pressure of 
120mmHg was maintained continuously throughout the procedure. 

Acquisition of peripheral blood from patients, mononuclear 
cell isolation and the culture of adherent cell colonies 

Peripheral blood samples were taken at two time points: before 
operation (pre-NPWT) and 7-14 days after the start of NPWT 
( during- WPWT). Peripheral blood mononuclear cells (PB MNCs) 
were isolated from whole blood and cultured as reported previously. 15 



Briefly, MNCs were isolated from 3-5 ml of human peripheral blood 
using density gradient centrifugation over Ficoll (Ficoll-Paque PLUS, 
Amersham Biosciences, Buckinghamshire, UK) for 20min at 
2580r.p.m. and washed three times in phosphate-buffered saline. 
The isolated MNCs were then resuspended in EGM-2 (catalog 
number CC-3162; Clonetics, San Diego, CA, USA), which consisted 
of endothelial basal medium, 5% fetal bovine plasma, human 
epidermal growth factor, VEGF (vascular endothelial growth factor), 
hFGF (human fibroblast growth factor) -B, insulin-like growth factor- 
1 and ascorbic acid. Mononuclear cells (3 x 10 6 cells per well) were 
seeded on lOugml -1 fibronectin-coated 24- well plates (Sigma 
Aldrich, St Louis, MO, USA) and incubated in a 5% CO2 incubator 
at 37 °C. MNCs that were isolated at different times (that is, pre- 
NPWT and during-NPWT) from each patient were cultured on at 
least three plates. The plates were observed daily, and the first media 
changes were performed 6 days after plating. Thereafter, the media 
were changed every 3 days, and each cluster or colony was followed 
up every day. The colony forming units (CFUs) were defined as a 
central core of rounded cells that were surrounded by elongated, 
spindle-shaped cells, and the numbers of CFUs per plate were counted 
14 days after plating. 

To evaluate the EPC characteristics of the CFUs, plated cell colonies 
were labeled with ljl'-dioctadecyl-S^^'^'-tetramethylindocarbocya- 
nine- conjugated, acetylated-low- density protein (Dil-Ac-LDL, Mole- 
cular Probes, Carlsbad, CA, USA) (2.5|igMl" 1 ) for 2h at 37 °C 14 
The cells were then fixed in 1% paraformaldehyde and stained with 
fluorescein isothiocyanate (FITC) -labeled lectin that was obtained 
from Ulex Europaeus (Sigma Aldrich). The cells were counterstained 
with 4,6-diamidino-2-phenylindole to identity nuclei that were not 
stained with Dil-Ac-LDL and FITC-lectin. After staining, the cells 
were observed using an inverted fluorescent microscope (Nikon 
Eclipse E300, Nikon Inc., Melville, NY, USA). 



Proportion of EPCs among PB MNCs 

Isolated PB MNCs (3 x 10 5 cells) were washed with cold phosphate- 
buffered saline that was supplemented with 5mM EDTA and 0.1% 
bovine plasma albumin. CD34, VEGFR2 and CD 133 are cell surface 
markers that are most widely used to define EPCs. 22 Therefore, cells 
were incubated for 30 min at 4 °C with 5 ul of a phycoerythrin- 
conjugated mouse anti-human VEGFR2 (R&D Systems, Minneapolis, 
MN, USA) and 5 ul of an allophycocyanin-conjugated mouse anti- 
human CD 133 (Miltenyi Bio tec, Auburn, CA, USA) antibodies. 
Another 3 x 10 5 PB MNCs were reacted with 10 ul of FITC- 
conjugated mouse anti-human CD34 (BD Bioscience, San Jose, CA, 




Figure 1 An illustrative case of NPWT for an intractable wound in a diabetic patient, (a) A large-sized skin defect with infection 
developed in a diabetic patient, (b) Medical -grade polyurethane foam (CuraVAC, Daewoong Pharma) was applied, with adhesive drapes for 
sealing and connector tubing connected to a wall-mounted suction device. A negative pressure of 120mmHg was maintained 
continuously, (c) The large-sized skin defect healed without amputation after 20 days of NPWT and a split-thickness skin graft. 
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USA) and 5|il of allophycocyanin-conjugated mouse anti-human 
alkaline phosphatase (ALP, R&D Systems) antibodies. To avoid 
nonspecific staining, the cells were stained with phycoerythrin-, 
FITC- or allophycocyanin-conjugated human immunoglobulin Gl 
as negative controls. The cells were fixed with 200 ul 1% 
paraformaldehyde ( Sigma- Aldrich) in phosphate-buffered saline for 
lOmin and analyzed using a FACStar flow cytometer (Becton 
Dickinson, Palo Alto, CA, USA) for at least 10 000 events. After 
appropriate gating, two-dimensional, side scatter-fluorescence dot- 
plot analysis was performed, and the specific surface antigen-positive 
cell fractions were determined as previously described 20 and 
quantified by deducting the values of the isotype controls. Isolated 
PB MNCs from each patient were tested in duplicate. 

Assessment of C-reactive protein and EPC-mobilizing 
cytokines in the peripheral blood 

Plasma from peripheral blood was obtained before each operation 
(pre-NPWT) and 7-14 days after the initiation of NPWT (during- 
NPWT). We assessed the level of C-reactive protein in the peripheral 
blood to evaluate whether the acute inflammatory process was active 
after NPWT application, and quantitative immunoassays of SDF-1A 
and VEGF were performed using appropriate enzyme-linked immu- 
nosorbent assay kits (ELISA, R&D Systems). Plasma from each 
patient was tested in triplicate at each time point. Diurnal variation 
was not considered in measurements of plasma cytokine levels. 

Statistical analysis 

All data are expressed as the means ± s.d.'s. The Wilcoxon- signed rank 
test for paired data was used to compare values at different time 
points, and the Mann-Whitney test was used to compare the values 
from the study and control groups. Probability values of < 0.05 were 
interpreted to denote statistical significance, and the SPSS software 
(IBM SPSS 19.0; IBM, New York, NY, USA) was used for the 
statistical analysis. 

RESULTS 

The proportion of PB MNCs was lower in diabetic patients 
with a non-healing chronic wound and was higher after 
NPWT 

Two-dimensional, side scatter-fluorescence dot-plot analysis 
of freshly isolated PB MNCs showed that the number of 
EPC-enriched cell fractions (that is, CD34+ cells, CD34 + / 



CD 133 + cells) was lower in diabetic patients with a non- 
healing chronic wound than in the control group, and this value 
uniformly increased after the initiation of NPWT (Figure 2). 

When quantified by deducting the corresponding values for 
the isotype controls, the baseline (pre-NPWT) mean number 
of CD34 + cells was 40.3 ± 44.0 cells per 1 x 10 4 MNCs in the 
study group and 66.5 ± 56.8 cells in the control group 
(P = 0.032). The number of CD34+ cells in the study group 
increased significantly to 83.5 ± 72.4 cells per 1 x 10 4 MNCs (a 
2.1-fold increase) during the NPWT period (P = 0.001), and 
the mean number of CD 34 + /VEGFR2 + cells per 1 x 10 4 
MNCs increased from 13.3 + 11.4 cells in the pre-NPWT 
period to 20.8 ± 12.9 cells during NPWT (a 1.5-fold increase; 
P= 0.031). The mean number of CD34 + /CD133 + cells per 
1 x 10 4 MNCs was also lower in the study group (3.33 + 2.9 
cells) than in the control group (28.1 + 18.6 cells) (P = 0.00). 
This value increased to 6.5 ± 9.4 cells during NPWT; however, 
this difference was not statistically significant (P = 0.145). 

Numbers of EPC colonies increased after NPWT 

The CFUs were confirmed to exhibit EPC characteristics based 
on morphologic characteristics, as visualized using a light 
microscope and staining with Dil-Ac-LDL and FITC-lectin. 

The number of CFUs at the baseline was variable between 
individuals, as was reported previously, 21 and were scarce in 
diabetic foot infection patients (Study group 4.2 + 5.3 versus 
the Control group 13.0+ 13.3, P = 0.016). For the most part, 
the CFU numbers increased from 4.2 ± 5.3 (range, 0-15.8) per 
plate in the pre-NPWT period to 8.6 + 7.3 (range, 0.7-23) per 
plate during NPWT (P= 0.006) (Figure 3). 

Plasma levels of EPC-mobilizing cytokines decreased during 
NPWT 

Our analysis of EPC-mobilizing cytokines showed decreases in 
plasma VEGF levels during NPWT, whereas the levels of 
C-reactive protein and SDF-loc remained essentially 
unchanged. The baseline serum level of C-reactive protein 
was 9.06 + 9.17mgdl- 1 in the pre-NPWT period, and this 
value decreased, but not significantly, to 5.75 + 6.11 mgdl -1 
during NPWT (P = 0.236). The baseline plasma level of VEGF 
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Figure 2 Two-dimensional, side scatter-fluorescence dot-plot analysis of freshly isolated PB MNCs. The numbers of CD34+ cells (a), 
CD34 + /VEGFR+ cells (b) and CD34 + /CD133+ cells (c) were lower in diabetic patients with a non-healing chronic wound than in the 
control group, and the numbers uniformly increased after the initiation of NPWT. Data are presented as the mean±s.d., *P<0.05, and 
**P<0.01. The Mann-Whitney test was used for comparison to the control group, and the Wilcoxon-signed rank test was used for paired 
data. 
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Figure 3 Colony forming unit assay to evaluate the functional capacity of circulating EPCs. (a) Illustrative photomicrograph of colony 
formation, (b) The numbers of CFUs per plate increased significantly during NPWT (during NPWT). Data are presented as the mean±s.d., 
*P<0.05 and **P<0.01. The Mann-Whitney test was used for comparison with the control group, and the Wilcoxon-signed rank test was 
used to compare paired data. 
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Figure 4 Plasma levels of EPC-mobilizing cytokines, (a) The 
plasma level of VEGF decreased significantly after NPWT. (b) The 
plasma level of SDF-loc was maintained regardless of NPWT. Data 
are presented as the mean±s.d., and *P<0.05 using the 
Wilcoxon-signed rank test. 



was 259.8 ± 256.5 pmol ml 1 during the pre-NPWT period, 
and this value decreased to 148.3 ± 177.1 pmol ml -1 during 
NPWT (P = 0.005). However, the mean plasma level of SDF- 
loc remained unchanged from 3071.4 ± 1044.0 pmol ml -1 
during the pre-NPWT period to 2947.0 ± 938.9 pmol ml -1 
during NPWT (P = 0.959) (Figure 4). 

DISCUSSION 

This study shows that the proportion of EPCs in the PB MNC 
population increases during NPWT. We hypothesized that 
EPC-mediated neovascularization might have a role as a 
bridging mechanism between the HIF/VEGF pathway and 
increased blood supply during NPWT and that postnatal 
vasculogenesis by bone marrow-derived EPCs could have a 
role in neovascularization at an injured site. 

Despite a growing number of reports on EPC biology, the 
precise identification of EPCs remains problematic. Some 
investigators have used flow cytometry to estimate EPC 
counts, 20 ' 23,24 whereas others utilize CFUs. 13,15 The most 
widely used cell surface markers for EPC identification are 
CD34, VEGFR2 and CD133. CD34+ cell fractions have been 
reported to be enriched for EPCs and hematopoietic stem cells 
and to have a role in postnatal vasculogenesis. 12,25 In 



particular, CD34 + /VEGFR2 + and/or CD34 + /CD133 + 
cells are considered to represent an immature cell population 
with endothelial progenitor capacity. CFUs are defined as a 
central core of rounded cells that are surrounded by elongated 
and spindle-shaped cells, and CFU numbers are considered to 
represent the functional properties of EPCs better than 
EPC numbers. 12,25 Thus, we utilized both methods to 
evaluate EPC mobilization during NPWT. 

In the present study, CD34 + and CD34 + /VEGFR2 + cell 
fractions increased significantly during NPWT, and an increase 
in functional EPCs was confirmed using CFU assays. As we 
had shown in a previous article, 20,21 even after hazardous 
surgical procedures such as fractures and bone lengthening, an 
active inflammation process because of the index operation 
did not persist for more than 7 days after the procedure, and 
this finding was confirmed by an unchanged level in the 
C- reactive protein in the blood during NPWT. These findings 
suggest that NPWT- induced stimuli provoked systemic 
mobilizations of vascular- forming precursor cells — that is, 
EPCs. Mobilized CD34 + cells are thought to secret various 
cytokines and growth factors that induce intrinsic angiogen- 
esis, 18,19,26 and the proposed effects of EPCs might explain the 
mechanism of neovascularization during NPWT. However, 
further research is required to clarify this issue. 

Changes in wound biochemistry and mechanical deformation 
alter the local environment through the process of mechan- 
otransduction (that is, the conversion of a mechanical stimulus 
into chemical activity). In vitro, stretching increases human 
fibroblast growth and migration, and in the animal wound 
closure model, NPWT increased collagen organization and 
increased the expression of VEGF and fibroblast growth factor 
2. The EPC mobilization that was induced during NPWT and 
observed during this study appears to have been caused by 
negative-pressure strain. 

Plasma levels of EPC-mobilizing cytokines were decreased 
during NPWT. Previously reported stimuli for EPC mobiliza- 
tion include various pathophysiological conditions, growth 
factors and cytokines, and drugs. Furthermore, surgical inter- 
vention and musculoskeletal trauma are also known to promote 
transient EPC mobilization that cannot be differentiated from 
an inflammatory response induced by injury. Of the various 
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EPC-mobilizing stimuli, ischemia is considered to be one of the 
strongest and to be mediated by EPC-mobilizing cytokines such 
as VEGF and SDF-loc. However, in the present study, the 
systemic level of VEGF was found to be decreased during 
NPWT, whereas the level of SDF-loc was maintained. Assess- 
ment of mobilizing and angiogenic factors from local tissue 
may help in clarifying the mechanism of EPC mobilization 
during NPWT, which was not possible in this study because of 
limits in interpreting the phenomenon. Although we could not 
measure the levels of VEGF and SDF-loc directly in the tissue 
where NPWT had been applied, other scientists have reported 
that the application of NPWT increased the level of VEGF in 
the local tissue. 27 The relationship between the systemic 
and local levels of cytokines, diurnal variation and the effect 
of the mode of negative pressure should be controlled for 
further evaluation. 

In this study, we did not show that patients who tended to 
exhibit rapid wound regeneration also possessed more EPC 
CFUs after NPWT. Further research is required to clarify 
whether and how mobilized EPCs contribute to neovascular- 
ization. It should also be noted that a limitation of this study 
was that only early phases of NPWT were analyzed; therefore, 
we could not confirm the effect of prolonged NPWT on EPC 
mobilization. 

CONCLUSIONS 

This study demonstrates the systemic mobilization of EPCs 
during NPWT, which could be the mechanism underlying 
increased vascular supply and granulation tissue formation. 
Thus, the vasculogenic potential of NPWT has a role in treating 
diabetic patients with foot infections and skin ulcers, especially 
when accompanied by peripheral arterial insufficiency. 
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